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Abstract 

Goal, Scope and Background. This paper describes the influ¬ 
ence of the choice of the functional unit on the results of an 
environmental assessment of different battery technologies for 
electric and hybrid vehicles. Battery, hybrid and fuel cell electric 
vehicles are considered as being environmentally friendly. How¬ 
ever, the batteries they use are sometimes said to be environ¬ 
mentally unfriendly. At the current state of technology different 
battery types can be envisaged: lead-acid, nickel-cadmium, 
nickel-metal hydride, lithium-ion and sodium-nickel chloride. 
The environmental impacts described in this paper are based on 
a life cycle assessment (LCA) approach. 

One of the first critical stages of LCA is the definition of an 
appropriate and specific functional unit for electric and hybrid 
vehicle application. Most of the known LCA studies concerning 
batteries were performed while choosing different functional 
units, although this choice can influence the final results. An 
adequate functional unit, allowing to compare battery technolo¬ 
gies in their real life vehicle application should be chosen. 

The results of the LCA are important as they will be used as a 
decision support for the end-of-life vehicles directive 2000/53/ 
EC (Official Journal of the European Communities L269/24 
2000). As a consequence, a thorough analysis is required to de¬ 
fine an appropriate functional unit for the assessment of batter¬ 
ies for electric vehicles. This paper discusses this issue and will 
mainly focus on traction batteries for electric vehicles. 

Main Features. An overview of the different parameters to be 
considered in the definition of a functional unit to compare bat¬ 
tery technologies for battery electric vehicle application is described 
and discussed. An LCA study is performed for the most relevant 
potential functional units. SimaPro 6 is used as a software tool 
and Eco-indicator 99 as an impact assessment method. The influ¬ 
ence of the different selected functional units on the results (Eco- 
indicator Points) is discussed. The environmental impact of the 
different electric vehicle battery technologies is described. A sen¬ 
sitivity analysis illustrates the robustness of the obtained results. 

Results and Discussion. Five main parameters are considered in 
each investigated functional unit: an equal depth of discharge is 
assumed, a relative number of batteries required during the life 
of the vehicle is calculated, the energy losses in the battery and 
the additional vehicle consumption due to the battery mass is 
included and the same lifetime distance target is taken into ac- | 








count. On the basis of the energy content, battery mass, number 
of cycles and vehicle autonomy three suitable functional units 
are defined: 'battery packs with an identical mass', 'battery packs 
with an identical energy content' and 'battery packs with an 
identical one-charge range'. 

The results show that the differences in the results between these 
three functional units are small and imply less variation on the 
results than the other uncertainties inherent to LCA studies. On 
the other hand, the results obtained using other, less adequate, 
functional units can be quite different. 

Conclusions. When performing an LCA study, it's important to 
choose an appropriate functional unit. Most of the time, this choice 
is unambiguous. However, sometimes this choice is more compli¬ 
cated when different correlated parameters have to be consid¬ 
ered, as it is the case for traction batteries. When using a realistic 
functional unit, the result is not influenced significantly by the 
choice of one out of the three suitable functional units. 
Additionally, the life cycle assessment allowed concluding that 
three electric vehicle battery technologies have a comparable en¬ 
vironmental impact: lead-acid, nickel-cadmium and nickel-metal 
hydride. Lithium-ion and sodium-nickel chloride have lower en¬ 
vironmental impacts than the three previously cited technolo¬ 
gies when used in a typical battery electric vehicle application. 

Recommendations and Perspectives. The article describes the 
need to consider all relevant parameters for the choice of a func¬ 
tional unit for an electric vehicle battery, as this choice can in¬ 
fluence the conclusions. A more standardised method to define 
the functional unit could avoid these differences and could make 
it possible to compare the results of different traction battery 
LCA studies more easily. 


Keywords: Battery; electric vehicle; end-of-life-vehicle; environ¬ 
mental impact; functional unit; Life Cycle Assessment (LCA); 
sensitivity analysis 


Introduction 

In the framework of the European Subat-project, an envi¬ 
ronmental assessment of different battery technologies for 
electric and hybrid vehicles is carried out. The considered 
batteries are: lead-acid, nickel-cadmium, nickel-metal hy¬ 
dride, lithium-ion and sodium-nickel chloride. The LCA 
methodology was chosen to perform this analysis. 

LCA studies the environmental aspects and potential im¬ 
pacts of a product throughout its life from raw material ac¬ 
quisition through production, use and disposal. It's its so- 
called 'cradle-to-grave' approach that makes LCA unique. 
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The three main stages considered in the LCA are the pro¬ 
duction phase, the use phase and the end-of-life phase. 

LCA can be used as a decision support tool to compare the 
environmental impact of products. It is important to know 
that all stages of the LCA include some uncertainties. There 
are different classification systems available to distinguish 
these uncertainties; for example Huijbregts (1998) distin¬ 
guished following categories: parameter uncertainty, model 
uncertainty, uncertainty due to choices, variability between 
objects/sources, special variability, temporal variability. 
Quite a lot of studies and articles have been published to 
calculate, to estimate and to minimize these uncertainties 
(e.g. Ciroth et al. 2004, Heijungs and Huijbregts 2004). To 
check the robustness of the results a sensitivity analysis has 
been performed. 

The international standards of series ISO 14040 represent a 
widely accepted methodology (ISO 14040 1997). The ISO- 
14040 series distinguish four phases in LCA: the goal and 
scope definition (ISO 14041 1998), the inventory analysis 
(ISO 14041 1998), the life cycle impact assessment (LCIA) 
(ISO 14042 2000), and the interpretation (ISO 14043 2000). 
The definition of the goal and scope is one of the most criti¬ 
cal parts of an LCA due to the strong influence on the result 
of the LCA (Kliippel 1998). A functional unit (FU) has to be 
defined in the scope phase. This FU is the central core of any 
life cycle assessment, since it provides the reference to which 
all other data in the assessment are compared (normalised). 
The impact of the adequate choice of a functional unit for 
the assessment of the environmental impact of a battery of 
an electric vehicle towards the global result will be discussed 
in this paper. Some detailed studies describe the impact of 
the choice of the functional unit in general on the result (e.g. 
Alsema 2000, Wigard 2001, Cooper 2003, Hischier and 
Reichart 2003). 

As the result of the LCA will be used for decision support, it 
was important to choose an appropriate FU. Exhaustive and 
complete LCA studies about batteries are not widespread, 
(e.g. Rydh and Karlstrom 2002, Rydh 1999, Investire 2003). 
Specific LCA studies about traction batteries for electric ve¬ 
hicles are even rarer (Garcia and Schliiter 1996, Rantik 1999, 
Ishihara 1999, Biscaglia 2000, Van Autenboer 2004, Matheys 
2004). In the few published LCA studies of batteries for 
battery electric vehicles (BEV), the chosen FU differs from 
one study to another. These differences can be explained 
because different parameters can influence the choice of one 
specific FU for a particular product. The impacts of these 
choices on the results are largely unknown and will be in¬ 
vestigated in this article. An LCA is performed for the dif¬ 
ferent appropriate FU as well as for some other known FU 
that are used in previously cited LCA studies. This allows to 
obtain an evaluation of the impact of the choice of FU on 
the global result. 

1 Description of the Studied System 

The definition of FU requires a thorough understanding of 
the analyzed system and an inventory of all the relevant 
parameters to be considered. The traction battery is the 'fuel 
tank' of the electric vehicle. The specific energy of the bat¬ 
tery is one of the criteria determining the available quantity 


of energy. The chemical energy of this battery is transformed 
into electrical energy to drive the car. Once it is discharged, 
the battery can be charged by an external energy source. 
Amongst others, the specific energy, the energy efficiency, 
the number of cycles, are different from one battery tech¬ 
nology to another. The energy efficiency is the ratio of the 
discharged energy (Wh) over the energy necessary to bring 
the battery back to its initial state of charge. 

The way of using the BEV also determines the battery life. 
The used parameters for a technology are valid for one spe¬ 
cific design of the battery. Differences occur with other bat¬ 
tery designs or with different battery manufacturers. 

An additional complication is that the energy consumption 
is dependent on the total mass of the car, which itself de¬ 
pends on the total mass of the battery. 

2 Selection of the FU 

For traction batteries there are different starting points to 
define an appropriate FU. An overview (and the definition) 
of several used FU in other LCA studies as well as a trivial 
FU (scenario 3) is given in Table 1. 


Table 1: Examples of potential FU in literature 


Scenario 1 

Impact per km for an arbitrary chosen mass in 
function of range, including losses due to battery 
efficiency and energy consumption of the car (Garcia 
and Schluter 1999, Rantik 1999) 

Scenario 2 

Impact per kWh battery (Ishihara et al. 1999) 

Scenario 3 

Impact per kg battery 

Scenario 4 

Impact per km for a 'realistic' and arbitrary chosen 
mass in function of range, including losses due to 
battery efficiency and energy consumption of the car 
(Biscaglia and Coroller 2000) 

Scenario 5 

Impact for a certain energy content, including losses 
due to battery efficiency for the entire battery lifetime 
(Van Autenboer 2004, Matheys 2004) 


The overview in Table 1 shows that different kinds of FU 
are used and that a more rational and coherent approach is 
needed. A summary of the different parameters that have to 
be considered when defining an FU (Table 2) shows that at 
least nine parameters have an influence on the definition of 
an FU. Some of these parameters are unrelated to the oth¬ 
ers, while some are intrinsically correlated to other param¬ 
eters. For example an equal number of cycles, one-charge 
range and the depth of discharge (DOD) will imply an equal 
lifetime distance. 

Table 2: Different parameters that determine the choice of an FU 

Number of batteries (equal/different) 

Depth of discharge (equal/different) 

Lifetime distance (equal/different) 

Additional consumption due battery mass (inclusive/exclusive) 

Battery efficiency losses (inclusive/exclusive) 

Energy content of battery pack (equal/different) 

Mass of battery pack (equal/different) 

One-charge range (equal/different) 

Number of cycles (equal/different) 


192 


Int J LCA 12 (3) 2007 




















LCA Case Studies 


Traction Batteries 


Table 3: Characteristics of the appropriate FU (=: these parameters are equal for all technologies; a: these parameters are (or can be) different for all the 
technologies) 



Battery mass 

Energy content 
battery 

Cycles/day 

Life time 
range 

Energy consumption 
(Wh/km) 

Car range 

FU Constant mass 

— 

* 

* 

— 

= 

* 

FU Constant energy content 

* 

— 

* 

= 

* 

* 

FU Constant range 

* 

* 

= 

— 

* 

— 


The five first parameters of Table 2 cannot be chosen freely 
if wanting to obtain an appropriate reference basis. The rea¬ 
sons for this are firstly discussed. 

Number of batteries: The number of possible charge/discharge 
cycles of a battery has to be taken into account in the calcula¬ 
tions. The impact of a battery, with a lifetime that is twice the 
number of cycles of another battery having identical other 
parameters, is half the impact of the second one. So it is not 
advisable to compare a quantity of a given battery technology 
to the same quantity of another technology. The numbers of 
cycles have to be included in the definition of the FU. 

Battery efficiency losses: Converting the chemical energy to 
electrical energy in the battery implies an energy loss and a 
consequent lower potential range of the vehicle. As the pro¬ 
portion of losses differs from one technology to another, 
these losses have to be included in the analysis. 

Lifetime distance: When comparing battery technologies for 
an electric vehicle, it is crucial to compare the impact for an 
equal lifetime driven distance. Objectively, comparing dif¬ 
ferent lifetime ranges for the different technologies is not 
acceptable. 

Depth of discharge: An equal DOD and thus an equal per¬ 
centage of available capacity is essential to compare the tech¬ 
nologies. Another reason to include this parameter is that 
the total number of battery discharge cycles, required dur¬ 
ing the life of the vehicles, is strongly dependent on the DOD. 

Additional consumption due to battery mass: As the mass 
of the battery and consequently the total mass of the car 
depends on the battery technology, a difference in energy 
consumption will be observed. This extra energy consump¬ 
tion has to be included in the LCA calculations, as it influ¬ 
ences the overall impact due the emissions related to elec¬ 
tricity production. 


As a summary, five parameters cannot be chosen freely and 
have to be considered in each functional unit: an equal depth 
of discharge should be assumed, the number of batteries re¬ 
quired during the life of the vehicle should be calculated, 
the energy losses in the battery and the additional vehicle 
consumption due to the battery mass have to be included 
and the same lifetime distance has to be covered. 

Out of the other parameters of Table 2 (mass of the battery, 
energy of the battery, one-charge range of the battery, number 
of cycles during lifetime), one of the first three has to be 
considered as a constant in order to have an FU with some 
practical significance. Each of these possibilities results in a 
conceptually different FU. The last parameter (number of 
cycles during lifetime) will be dependent on the choice of 
the other parameters (lifetime range, energy content etc.). 

The differences between these three scenarios (FU constant 
mass, FU constant energy content and FU constant range) are 
summarized in Table 3. Table 3 clearly illustrates the similar¬ 
ity (=) and difference (^) of the different parameters for the 
different scenarios (FU) for the different technologies. 

Based on all these parameters and technical data, the re¬ 
quired number of batteries for the different technologies can 
be calculated. Although in practice an integer number of 
batteries will be needed, these numbers of batteries will not 
be rounded to an integer number, because this rounding can 
change the total result significantly. For example, if theo¬ 
retically 1.01 battery is needed, rounding-up to 2 batteries 
(required in practice) will introduce major variations of the 
global results. This assumption would result in an impact 
that is almost twice as high. 

3 Advantages and Disadvantages of the Selected FU 

As shown in Table 4, each of the three appropriate FU has 
advantages and disadvantages. The importance allocated to 


Table 4: Advantages and disadvantages of the different FU with constant life time range of the car 


FU Constant mass 

Advantages 

• The energy consumption of the vehicles is the same for the different battery technologies 

• The most appropriate battery mass can be selected as a function of the size and the energy 
consumption of the vehicle 

Disadvantages 

• Due to the different specific energies of the batteries, the ranges differ from one technology to another 

• The energy contents of the batteries differ from one technology to another 

• The number of cycles required to cover the total distance differs from one technology to another 

FU Constant energy content 

Advantages 

• The same global energy content 

Disadvantages 

• Ranges differ from one technology to another 

• Energy consumption differs from one technology to another (different mass) 

• The number of cycles required to cover the total distance differs from one technology to another 

FU Constant range 

Advantages 

• The vehicle is able to cover the same distance independently of the technology. As a consequence, 
the same number of cycles is needed to cover the lifetime distance of the vehicle 

Disadvantages 

• The masses and energy contents differ from one battery technology to another 

• The assumptions are conceptually more complicated, compared to the other FU 

• The same payload is delivered 
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these advantages and disadvantages by the investigator will 
obviously be determinant when having to decide which FU 
to choose. An LCA will be performed for these three FU to 
illustrate the impact of the choice on the global result. 

4 LCA Assumptions: Model, Used Data and Assumptions 

The software used to perform the analysis is SimaPro 6.0, 
while Eco-indicator 99 (hierarchist version) is chosen as 
impact assessment method, for it's a quite standard and wide¬ 
spread methodology (VROM 1999). The results are given 
in Eco-indicator points. An Eco-indicator point (Pt) is equiva¬ 
lent to one thousandth of the yearly environmental burden 
of one average European inhabitant. 

Our model is based on a small car like the electric Peugeot 
106. The net weight of the car, excluding the battery, in¬ 
cluding the driver's weight (75 kg), is 888 kg. A DOD of the 
battery of 80% is choosen (deep cycling). The self-discharge 
of the batteries and the maintenance were not considered 
for any of the technologies. The additional energy consump¬ 
tion due to the battery mass is simulated with the help of the 
Vehicle Simulation Programme, VSP (Van Mierlo and Magget- 
to 2004). The ECE cycle is taken as the reference cycle (Van 
den Bossche 2003). The electricity mix of the European 
Union (EU-25) for the year 2003 is used. 

The LCA is performed for the most widespread battery tech¬ 
nologies. The inventory analysis is based on information 
obtained by intensively interrogating the worldwide indus¬ 
try, on information available in the literature and informa¬ 
tion obtained through commercially available databases. 

The main used technical characteristics for the different bat¬ 
tery technologies are listed in Table 5. 

As the sodium-nickel chloride battery needs to be heated 
when it is not used, an extra energy loss of 7.2% is taken 
into account. 


Table 5: Used characteristics of the different battery technologies 



Specific Energy 
(Wh/kg) 

Number of 
cycles 

Energy 

efficiency 

Pb-acid 

40 

500 

0.825 

NiCd 

60 

1350 

0.725 

NiMH 

70 

1350 

0.7 

Li-ion 

125 

1000 

0.9 

Zebra 

125 

1000 

0.925 


Depending on the FU, a mass of 300 kg, an energy content 
of the battery pack of 12 kWh or a one-charge range of 60 
km is chosen. In all these scenarios the lifetime distance is 
set to 160000 km. All these assumptions are realistic for 
this kind of car. 

A sensitivity analysis is performed to assess the effects of the 
assumptions (concerning average battery composition, en¬ 
ergy consumption...) and of possible variations in the col¬ 
lected battery percentage on the results. More details con¬ 
cerning the sensitivity analysis can be found in SUB AT's final 
report (2005). 


5 Results and Discussion 

Based on the previously mentioned assumptions, three FU 
were selected: batteries with constant mass, constant energy 
or constant one-charge driving range. The total environmen¬ 
tal impact (in Eco-indicator 99 points) for these three FU is 
shown in Fig. 1 for the different technologies. The results 
are subdivided in the contribution of each of the different 
stages of the life cycle of the battery (assembly + recycling, 
energy losses due to the battery mass and energy losses due 
to energy efficiency of the battery). 



Fig. 1: Results of the LCA for the different FU and battery technologies 


Fig. 1 clearly illustrates that the obtained impact for these se¬ 
lected FU are quite similar. The order of magnitude of the 
impact of the different battery technologies remains the same. 
The total impact slightly differs from one scenario to another, 
but the differences between the different scenarios (5-10%) 
are smaller than other inherent uncertainties of LCA studies. 

Globally, with regard to the different FU, the total impact in 
the FU 'constant mass' is the highest. This is due to the higher 
battery masses carried by the car compared to the other FU’s 
and the corresponding higher electricity consumptions. The 
results of the scenario 'constant energy' and 'constant one- 
charge range' are very similar as the corresponding masses 
for these FU are quite similar. 

A sensitivity analysis of the model parameters has been per¬ 
formed for the FU 'constant range' (Fig. 2). The values are 
normalized (Pb-acid = 100). Fig.2 demonstrates that the 



Fig. 2: Results of sensitivity analysis of FU constant range 
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Fig. 3: Normalised environmental impact when the 'one-charge range' is 
modified to 50 or 70 km 


mentioned assumptions did not have any significant impact 
on the results in the sense that the conclusions remain the 
same and that the results are reliable. 

The impact of the choice of another constant range as an FU 
was also investigated. These analyses show (Fig. 3) that for 
a range increased or decreased by 20%, the normalised val¬ 
ues (Pb-acid = 100) do not differ by more than 5% from the 
values of the standard range. For the other FU ('constant 
mass' and 'constant energy'), comparable deviations in the 
sensitivity analysis are obtained. 

Keeping the results of the sensitivity analysis in mind, the 
life cycle assessment allowed concluding that three electric 
vehicle battery technologies have a comparable environmen¬ 
tal impact: lead-acid, nickel-cadmium and nickel-metal hy¬ 
dride. When used in a typical battery electric vehicle appli¬ 
cation, lithium-ion and sodium-nickel chloride have lower 
environmental impacts than the three previously mentioned 
technologies. 

On the contrary, other results are obtained when using other 
FU than the three selected FU. The variation can be much 
higher and the environmental ranking of the different 
technologies may change. As an example, the results of the 


LCA studies for scenarios 1 to 3 (see Table 1) and the refer¬ 
ence scenario 'constant range' are shown in Fig. 4. These 
scenarios were based on existing FU in the literature (Garcia 
and Schliiter 1999, Rantik 1999, Ishihara et al. 1999). To 
enable the comparison of these scenarios, the values are nor¬ 
malised to Pb-acid = 100 in all scenarios. 

Fig. 4 illustrates that the results for the four other FU sug¬ 
gested in the literature are quite different and illustrates the 
impact of the choice of the FU on the results, emphasizing 
the importance of the choice of an appropriate FU. These 
differences due to the choice of a particular FU depend on 
the inclusion of different parameters in the different FU. 
Depending on these choices the score will be different and 
the environmental ranking can vary. The advantage of the 
three selected FU ('constant mass', 'constant range' and 'con¬ 
stant energy content') compared to others is that these FU 
reflect the real-world system very realistically. 

6 Conclusions 

The ISO-14041 standards only note that the selection of a 
functional unit must be clearly defined and that the FU must 
be measurable (ISO 14041, 1998). This is a rather unclear 
specification especially when wanting to use LCA for the 
comparison of products when different potential functional 
units exist and when all of these different FU are in accord¬ 
ance with the ISO standards. 

The influence of the choice of one of these FU on the results 
is particularly important when the results of the LCA are 
meant to be used as a decision support tool. This article 
illustrates that the results of an LCA are strongly depending 
on the chosen FU and that this choice introduces a kind of 
uncertainty. Therefore, it is important to choose the most 
appropriate and widely accepted FU in relation to the appli¬ 
cation. The functional unit should be selected correspond¬ 
ing to real life use of an electric vehicle, as this was the con¬ 
sidered application. For other battery applications, e.g. 
cellular phones, other functional units should be selected. 

Most of the time, the choice is unambiguous. However, es¬ 
pecially when different correlated parameters have to be 



Fig. 4: Results of the other FU available in the literature (results are normalized to Pb-acid=100) 
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considered, as it is the case for traction batteries, this choice 
gets more complicated. The results of the different suitable 
functional units are nearly similar and as a consequence, the 
result is not markedly influenced by the choice of the FU 
when choosing one of the three suitable functional units. 
The results can be quite different for other FU (than these 
three), as another choice is most of the time a simplification 
of the real system. 

Additionally, the life cycle assessment allowed concluding 
that three electric vehicle battery technologies have a com¬ 
parable environmental impact: lead-acid, nickel-cadmium 
and nickel-metal hydride. Lithium-ion and sodium-nickel 
chloride have lower environmental impacts than the three 
previously mentioned technologies when used in a typical 
battery electric vehicle application. 

7 Recommendations and Perspectives 

The article describes the need to consider all relevant pa¬ 
rameters for the choice of a functional unit for an electric 
vehicle battery, as this choice can influence the results and 
the conclusion. A more standardised method to define the 
functional unit could avoid these differences and could make 
it possible to compare the results of different LCA studies 
more easily. 
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